AND CONCLUSIONS 1. We investigated the effects of dopamine, octopamine, and serotonin on the motor output of the pyloric circuit in the stomatogastric ganglion of the lobster, Pandirus interruptus, 2. Amines were bath applied at concentrations from lo-* to 10B4 M, and the responses of the six classes of pyloric neurons were monitored both intracellularly and extracellularly.
INTRODUCTION
It is now clear that the sequences of motor commands for many simple rhythmic behaviors in both vertebrates and invertebrates are generated within the central nervous system by limited ensembles of neurons called central pattern generators (CPGs; 11, 64) . Until recently, the major research questions posed for CPGs were the identification of the component neurons and the synaptic connectivity of the circuit. These were needed to understand how a stereotyped rhythmic motor pattern is generated. The neural circuits for several centrally programmed behaviors have been at least partially described (7, 17, 28, 38, 65, 66, 74) . Experiments on these and other systems have delineated several properties of CPG organization and production of rhythmic activity (for review see Ref. 37) . We have, therefore, a rudimentary understanding of how the central nervous system produces stereotyped motor output.
We can now begin to address a new question: What is involved in the generation of diversity and variability in motor output from a particular neural circuit? While an isolated CPG can produce a rigid and stereotyped motor pattern, the corresponding behavior in the intact animal is extremely flexible and can be modified in many ways to fit the needs of the animal. This flexibility derives at least in part from modulatory input to the CPG circuit from other neuronal centers as well as from sensory feedback (16, 23, 67, 68) . A number of neuromodulators, including biogenic amines and peptides, have been shown to modulate motor patterns in several preparations. These modulators can activate the motor pattern (32, 42, 70, (75) (76) (77) and produce qualitative changes in the ongoing pattern such as the level of activity, cycle frequency, and phase relationships (2, 6, 14, 25, 53, 73) . Since these compounds act on individual neurons, it should be possible to analyze their modulatory effects on the motor pattern at the level of the neurons comprising the CPG. Our goal is to understand how neuromodulators affect each neuron and its synapses in a CPG and 848 R. E. FLAMM AND R. M. HARRIS-WARRICK then to reconstruct how the modulated pattern is produced from the sum of these individual effects. For analysis at this level to be tractable, a well-defined but relatively simple CPG is necessary. The pyloric system from the stomatogastric ganglion is one such comparatively well-understood CPG. It is comprised of 14 neurons of which 13 are motor neurons and 1 an interneuron, The neuronal circuitry has been largely worked out (13, 48, 49, 52) . The neurotransmitters used by the pyloric neurons are known (40, (43) (44) (45) . Intrinsic membrane properties of several pyloric neurons have been investigated (20, 5 1,6 1,63) . A number of putative neuromodulators of this circuit have been studied, including histamine (9), the peptides proctolin and FMRFamide (29, 47) , serotonin (4), dopamine (1, 3, 39) , and octopamine (3). Modulatory interneurons have been identified in Punulirus interruptus (8,6 1, 67,68) and in a related decapod species, Jams hhndii ( 12,58) . This extensive analysis of the pyloric circuit of P. interruptus makes it an excellent system to study CPG modulation at the single-neuron level.
In this paper, we give a detailed description of the modulation of the pyloric motor pattern by three amines, dopamine, octopamine, and serotonin. In the following paper (15), we describe the identification of the target neurons within the pyloric circuit that are directly affected by each of these amines and give a qualitative reconstruction of the modulation of the pyloric motor pattern based on the interaction of each amine's effects on each pyloric neuron with the synaptic connectivity of the pyloric circuit. Our results have been presented in abstract form (26).
MATERIALS AND METHODS
Pacific spiny lobsters (Punuhs interruptus, Pacific Biomarine)
were kept in marine aquaria (Aquarium Systems) at 15°C. The stomatogastric nervous system was removed from the animal, as described by Mulloney and Selverston (55) , and superfused at 5 ml/min with cold (12-14"C), oxygenated saline (saline composition in mM: NaCl 479, KC1 12.8, CaC12 13.7, Na2S04 3.9, MgS04 10.0, glucose 2.0, tris base 11.1, maleic acid 5.1, pH 7.35). The stomatogastric nervous system ( Fig.  1 ) includes the stomatogastric ganglion (STG) and its identified motor nerves as well as two commissural ganglia (CGs) and the esophageal ganglion (OG). Both the CGs and OG send processes into the STG via the stomatogastric nerve (STN), the only input nerve to the STG. These modulatory descending inputs activate or enhance pyloric activity and enable us to identify individual neuronal somata in the STG.
To eliminate these modulatory inputs a chronic sucrose block was placed on the STN. Isotonic sucrose (1 M) was added to a Vaseline pool at least 1 FIG. 1. Diagram of stomatogastric nervous system of Panulr'rus interruptus. Location of the sucrose block is shown as a circle on the STN. Abbreviations: CG, commissural ganglion; OG, esophageal ganglion; STG, stomatogastric ganglion; LPN, lateral pyloric nerve; MVN, medial ventricular nerve; PDN, pyloric dilator nerve; PYN, pyloric nerve; STN, stomatogastric nerve; V-LVN, ventral lateral ventricular nerve. Abbreviations of cell types are in parentheses next to the motor nemes in which their axons run: IC, inferior cardiac; LP, lateral pyloric; PD, pyloric dilator; PY, pyloric; VD, ventral dilator. cm in diameter on the STN. This solution was exchanged with fresh isotonic sucrose 5-10 times over 2 min to remove the saline completely and cause conduction block in the STN. In some experiments, tetrodotoxin (TTX, 10-' M) was added to the sucrose pool to further block action-potential propagation in the STN. In many experiments, a Vaseline bridge was extended from this pool to the sides of the dish to separate the STG from the CGs and OG in different saline compartments. Amines were applied only to the STG compartment in these experiments. There were no differences in the results of experiments with or without the Vaseline bridge.
Glass suction electrodes were used to record extracellularly from motor roots, and glass microelectrodes (20-40 Ma) filled with 4 M potassium acetate were used for intracellular recording. All amplification was conventional. Data were recorded on tape (A. R. Vetter) and analyzed with a MINC-11 computer (Digital Corp.). Each experiment was replicated at least three times (see Table 1 for sample sizes).
Pyloric neurons were identified by 1) a 1: 1 correlation between action potentials recorded intracellularly from the cell body and extracellularly from an identified motor nerve root, 2) timing of bursts of action potentials within the pyloric rhythm, and 3) characteristic shapes of the membrane-potential oscillation and action-potential amplitude. Stable intracellular recordings lasting at least 6 h were routinely obtained in this preparation. Dopamine hydrochloride, octopamine hydrochloride, and serotonin creatinine phosphate were bath applied separately at concentrations from 10B4 M to lo-' M for 7 to 10 min at a perfusion rate of 5 ml/min. Amines were dissolved in cold lobster saline just prior to use. All chemicals were obtained from Sigma Chemical Co.
RESULTS
Generation of the basal cycling state of the pyluric circuit
Descending input to the STG from the CGs and OG activates and enhances pyloric activity (60; Fig. 24 . In this activated state, all six cell types in the pyloric circuit burst vigorously at -1 Hz in a characteristic order: AB + 2 PDs: LP + IC: 8 PYs + VD (Fig. 2B, top) . These descending inputs appear to have prolonged modulatory effects on the pyloric rhythm because the activated state of the pyloric rhythm is lost slowly after removal of these inputs. In addition, brief stimulation of a sucroseblocked STN (20 Hz for 0.5 s) produces a prolonged activation of the pyloric rhythm lasting up to 1 min (5 1). If these modulatory inputs were active during amine application they could mask or influence the additional modulatory effects of each amine and thereby complicate our analysis of amine effects. Thus, we chose to study the effects of each amine LP 25.7 k 5,9 (7)" 1.8 I!I 1.0 (9) 25.1 -t 2.9 (7)" 12-7 t 1.5 (7)* Effect of the sucrose block on the pyloric motor pattern. A: effects on the motor pattern In the combined condition, neuronal inputs from the CG and OG are intact and modulate the STG. All pyloric neurons are actively bursting, and the cycle period is -1 s. When isotonic sucrose is added to the Vaseline pool on the STN to block descending inputs to the STG, pyloric activity is much reduced after -40 min, and the cycle period is increased, Only the PDs, VD, and AB (not shown) are active. B: phase diagrams of pyloric activity relative to onset of AB/PD bursts in the combined condition and in the sucrose-blocked, basal cycling state. Both quantify the onset of activity of each neuron and the proportion of the cycle that each neuron is active. The left border of each bar depicts the mean phase for onset of activity of each neuron (+SEM) relative to the beginning of the AB/PD burst. The length of each bar indicates the proportion of the cycle that each neuron is active (mean t SEM; SEM indicated on right side of the bar). Mmbers indicate sample size, when other modulatory influences were greatly reduced or absent with a chronic sucrose block. After 40-60 min with a sucrose block on the STN, the activity of the pyloric system was usually reduced to a weakly active state, which we refer to as the basal cycling state (Fig. 2) . The AB and PD neurons continued to burst weakly (and occasionally fell silent), and the VD neuron fired tonically at a low frequency except when synaptically inhibited by the AB neuron. Other cells in the pyloric circuit were usually silent. This state was stable for up to 12 h. Amines were not applied until this basal cycling state was reached.
Nagy et al. (57) reported that conduction block in the STN, induced by the addition of lOA7 M TTX to the CGs, OG, and STN, could eliminate rhythmic activity in the pyloric circuit of J. lalandii. We have obtained this result after chronic sucrose block of the STN in four preparations, This might suggest that in the other preparations, where weak cycling was observed, complete elimination of action-potential conduction in the STN was not achieved. However, in several such preparations, addition of lo-' M TTX to the sucrose pool or to the CGs, OG, and STN together did not further reduce activity from the basal cycling state. The basis for such variability in the basal state remains unsolved. Despite these minor differences in the basal state, the amines produced the same effects on the pyloric rhythm in all preparations, whether cycling weakly or not. Thus, the level of residual activity in our sucrose-blocked preparations does not appear to be a significant factor in the amine effects we have studied.
All three amines had detectable effects on pyloric activity within 2 to 3 min after their entry into the bath. This time delay is probably related to the rate of rise of amine concentrations as well as the superfusion rate. The effects of all three amines were completely reversible, usually within 40 min after beginning superfusion with normal saline.
Mudulation of the pyloric pattern by dupamine Dopamine ( 10m4 M) produced an overall enhancement of pyloric activity, causing an increase in cycle frequency and cell activity over the basal state ( Fig. 3 and Table 1 ). Both excitatory and inhibitory effects on individual neurons were observed (Fig. 4) . Dopamine in- duced strong burst activity in the anterior burster (AB) ( Fig. 4B ; 46). These bursts were characterized by large-amplitude (20 mV) slow-wave membrane-potential oscillations and by very attenuated (2 mV) action potentials recorded in the cell body (which, like other arthropod neurons, is electrically inexcitable). The depolarizing phase of the slow-wave membrane-potential oscillation was biphasic: A slow ramp depolarization was followed by a rapid rise and the generation of action potentials. The two pyloric dilators (PDs), which are strongly electrotonically coupled to the AB (Table 1 and Fig. 4 ). inhibited and hyperpolarized 6-14 mV by do-Intracellular recordings from the LP showed pamine ( Fig. 4B; 46) . Although the spike fre-an interesting activity pattern that was not seen quency of the PD showed no statistically sig-in the combined preparation. Two inhibitory nificant change, the number of spikes per burst phases were apparent: The first phase, imwas greatly reduced (Table 1 and Fig. 4A ) and mediately following the burst of LP spikes, was usually abolished (Fig. 4B) . Spike activity was caused by IPSPs from the highly activated PYs, also abolished in the ventral dilator (VD) neu-whereas the second phase arose from inhibi-1'011, accompanied by a smaller hyperpolarizatory input from the AB/PD group. The inferior tion of -4 mV (Fig. 4B) . Both the lateral py-cardiac neuron (IC) was often (Fig. 4B ), but loric (LP) and pyloric (PY) neurons were not always (Fig. 4A) , activated by dopamine. strongly activated by dopamine, firing in bursts Figure 5 describes the phase relationships bursting. The numbers on the left and right borders indicate the sample sizes for mean onset and mean duration, respectively. The data for phase and fraction of cycle cell bursting were compiled separately then combined in the figure. Consequently, the sample sizes for these 2 measurements may be different for a particular cell.
of neuronal activity in the pyloric rhythm before and during bath application of 10y4 M dopamine. The onset of firing of the five motorneuron cell groups with respect to the onset of the AB burst and the fraction of each cycle during which each neuron was active are shown. The overall phase pattern during dopamine superfusion was qualitatively similar to that seen in the combined preparation with intact input from the CGs and OG (Fig. 2B) . Initiation of spike activity in the neurons that were active occurred in the same order, and similar overlaps in the activity of the LP, IC, and PYs were seen. Two major quantitative differences were apparent. First, activity of the PD and VD neurons was greatly reduced or abolished as described above. Second, there was a phase advance of the LP, IC, and PYs in dopamine as previously noted by Eisen and Marder (14). In the combined preparation, initiation of LP and IC activity occurred with a phase lag of -0.5 relative to the AB/PDs (Fig. 2B, top) , but in 10B4 M dopamine initiation of LP and IC activity occurred with a phase lag of about 0.3 relative to the AB (Fig.  5) . The onset of PY bursting was similarly advanced, and the PY burst duration was greatly prolonged as a consequence, lasting about half of each cycle. The concentration dependence of dopamine's effects on the pyloric motor pattern are illustrated in Fig. 6 . Effects of dopamine were first detected at 10B6 M. A stable pattern was produced at 10m5 M, which was qualitatively different than the pattern produced at 1 O-" M. With the exception of the IC, all pyloric neurons, including the PD and VD, showed enhanced activity at 10m5 M, It was only with 10s4 M dopamine that inhibition of the PDs and VD appeared. Therefore, different concentrations of dopamine could produce stable but qualitatively different motor patterns, Modulation of the pyloric pattern by uctopamine Octopamine ( 1Oi4 M) produced an overall enhancement of pyloric activity from the basal state. Like dopamine, octopamine produced both inhibitory and excitatory effects on the activity of individual pyloric neurons (Fig. 7) . This enhancement was often characterized by an increase in pyloric cycle frequency (Fig. 3) as well as increased spike activity in several neurons (Table 1) . AB burst activity was enhanced in octopamine (Fig. 7B) . Interestingly, these bursts were qualitatively different than the AB bursts seen in dopamine (compare Figs.  4 and 7) . Bursting in octopamine was characterized by smaller amplitude slow-wave membrane-potential oscillations (-10 mV), which did not show the pronounced biphasic shape seen in dopamine. The PD showed enhanced burst activity in octopamine, with increases in oscillation amplitude and spike activity characteristics (Table 1 and Fig. 7B ). The VD, as in dopamine, was inhibited and often fell silent. The LP was highly activated ( Fig.  79 ; tonic spike activity was seen throughout most of the cycle period, being interrupted only by inhibition from the AB and PD neurons. IPSPs from the LP could be clearly seen in intracellular recordings from the AB, PDs, and VD. lop4 M octopamine produced no significant effect on the PY and IC neurons (Fig. 7B) ; these cells were usually silent in the activity seen in dopamine and in the combined basal state and remained so during octopapreparation. In contrast to dopamine, initiamine superfusion. Enhanced inhibition of the tion of LP activity was not phase advanced; it PYs by the excited AB and PD cells was seen occurred at the same point in the cycle as in as a larger synaptic hyperpolarization. the combined preparation. Figure 8 illustrates the phase diagrams
The concentration dependence of octopashowing onset and duration of bursting of pyloric neurons in 10U4 M octopamine. The mine's effects on the pyloric motor pattern is shown in Fig. 9 . The threshold for detectable phase relations in the circuit are different from effects was between 10B7 M and 10m6 M. These those seen during dopamine superfusion (Fig. effects included activation or enhancement of 5) or the combined stomatogastric system (Fig. LP and PD activity and, surprisingly, PY ac-2). The LP was active for 40% of the cycle, tivity. At 10m5 M octopamine a stable pattern twice as long as in the other conditions. In the was produced that was qualitatively different combined preparation, inhibitory input from from that seen with 10m4 M octopamine. All the VD and PY cells is very important in terpyloric neurons except the IC were active. VD minating LP activity (52). Because these cells and PY activity occurred during the LP burst; showed little or no activity during octopamine their inhibitory inputs to the LP were apparsuperfusion, LP activity was prolonged and ently not strong enough to terminate LP acwas terminated only by synaptic inhibition tivity as in the combined preparation. Inhifrom the AB and PD neurons. The few times bition of the VD and PY neurons became obthat weak VD and PY activity was observed vious only at 10m4 M. Therefore, octopamine, at this concentration (VD, 2/7 expts; PY, l/7 like dopamine, can produce different stable expts), their activity occurred simultaneously motor patterns at different concentrations of with LP activity, in contrast to the alternating the amine. Like dopamine and octopamine, lop5 M serotonin increased the pyloric cycle frequency by -50% (Fig. 3) and produced a combination of excitatory and inhibitory effects on pyloric neurons (Table 1 and Fig. 10) . The AB showed greatly enhanced burst activity (Fig. 1OB) . AB bursting was similar to that induced by dopamine with large-amplitude slow-wave membrane-potential oscillations (20 mV) and attenuated (2 mV) action potentials recorded from the cell body. As in dopamine, the slowwave membrane-potential oscillations had a biphasic shape, with a slow ramp depolarization followed by a fast depolarization during which spike activity occurred. The PD also showed enhanced burst activity. The shape of these bursts was qualitatively similar to those seen in the AB. The VD was hyperpolarized -10 mV, and spike activity was abolished. Serotonin inhibited LP activity when the LP was active (Fig. lOA) , but usually the LP was silent in the basal state, and serotonin had little additional effect (Fig. 1OB) . The PYs were not significantly affected by serotonin. The IC was often activated (3/6 expts) (Fig. 1 OA) , but this was not always seen (Fig. 1OB) . A: effect on the pyloric motor pattern. Octopamine enhances pyloric activity by increasing the cycle frequency and enhancing or activating some pyloric neurons, B: effects on individual pyloric neurons, under control conditions (long-term sucrose block) and in 10m4 M octopamine, Intracellular recordings were taken from different experiments; control and octopamine response for each cell were from the same experiment. The AB, PDs, and LP are excited, the VD is inhibited, and the PYs and IC show no effect. The effects of lop5 M serotonin on the phase relationships of pyloric neurons is shown in Fig. 11 . Only the IC and the coupled AB and PD neurons were active. The onset of IC activity in serotonin occurred at about the same point in the cycle as in the combined preparation (Fig. 2) .
The concentration dependence of serotonin's effects on the pyloric motor pattern is shown in Fig. 12 . The threshold for a serotonin effect on a basal cycling preparation was lOUs to lo-' M. This was lower than the threshold for either dopamine or octopamine. As the concentration was increased, the effects of serotonin became more pronounced, and both the cycle frequency and spike activity of active neurons increased. However, there was no obvious qualitative change in the pattern as was seen in dopamine and octopamine. Inhibitory effects of serotonin occurred at the same low concentration as excitatory effects. This contrasts with dopamine and octopamine, where inhibitory effects only appeared at high concentrations.
1WM
Octopamine 2 Set FIG. 9. Concentration-dependent effects of octopamine. Threshold for effects is between 10B7 M and 10m6 M. A stable pattern is produced at 10U5 M, which is different than the pattern produced at 10m4 M.
DISCUSSION
rons that are directly affected by these amines within the pyloric CPG. These two steps are We are interested in investigating the cellular mechanisms that generate diversity in motor output from a well described CPG circuit. We chose to look at amine-modulated motor activity due to the ubiquitous role of biogenic amines in modulating invertebrate motor activity (2, 19, 27, 30, 32, 53, 69, 70, 76, 77) . As a first step in our analysis we have described, in detail, how dopamine, octopamine, and serotonin alter the pyloric motor pattern and change the activity of individual neurons in the pyloric CPG. In an accompanying paper (I 5), we identify the target neuprerequisites to the study of synaptic and cellular mechanisms of modulation of this CPG by amines. On central paUern genera@rs and neural circuils
The CPG concept has implied that a discrete set of neurons could produce patterned motor output in the absence of sensory feedback (11, 64, 78) . When one records a centrally patterned motor program in a highly dissected preparation, one usually observes a similar motor pattern from animal to animal, suggestive of a hard-wired CPG that incorporates the same neural components in all members of that species. This was seen with the pyloric motor pattern (Fig. 1 ) and its neural circuit (Fig. 13A) . We have been able to show that the neural circuit that produces the "typical" pyloric pattern (Fig. 1 ) is also capable, under different conditions, of producing at least six other stable motor patterns. In other words, the motor pattern produced by this neural circuit is not stereotyped, but can be sculpted by the actions of neuromodulators on its components. Figure 13 illustrates the circuits of active neurons of these six motor patterns produced by sucrose block of the STN and bath application of the amines. The circle type is a qualitative description of the activity of each cell; broken circle for weak activity, single circle for moderate activity, and a double circle for strong activity. Inactive neurons have been omitted from the circuits (see below). For simplicity, it is assumed that the strength of synaptic connections in the circuit is the same as in the combined preparation (Fig. 13A) . We do not know if synaptic efficacy is affected by the amines, but we expect that it is.
From Figure 13 one sees that the motor patterns in sucrose block and induced by the amines involve different subsets of pyloric neurons. Although each of the pyloric neurons is part of the CPG that produces the motor pattern in the combined preparation (Fig.  13A) , at least some of the pyloric circuit neurons apparently do not function in pattern generation in the sucrose-blocked preparation or during superfusion of amines in sucrose block because they are either inactive or are inhibited under these conditions. For example, the PD and VD neurons, hyperpolarized and inactive in lop4 M dopamine, are not functionally part of the CPG, although they are still anatomically present in the circuit, while the AB, LP, PYs, and IC are enhanced or activated in 10B4 M dopamine and are actively producing the motor pattern (Fig. 13D) . This aminergic activation and inhibition of spike activity in pyloric neurons suggests the possibility that an anatomically defined neural circuit can generate several CPGs, each produced by a subset of neural circuit neurons. The subset of active neurons would be determined by the modulatory environment. Thus, in the pyloric circuit, dopamine, octopamine, and serotonin can induce at least five functional CPGs constructed from subsets of the 14 neurons that make up the standard pyloric circuit (Fig. 13, C-G) . Further variants have been generated by histamine (9), and the peptides proctolin and FMRFamide (29). Our suggestion that amines can functionally remove a neuron from the pyloric circuit must be qualified by three important considerations. First, some of the pyloric neurons can release transmitter in a nonspiking fashion and must be hyperpolarized several millivolts in order to stop this release (21, 22) . Thus, an amine must hyperpolarize a pyloric neuron by more than this amount to eliminate its synaptic contribution to the circuit. For several neurons, we are confident that this occurs (Figs.  4, 10) . Further, Eisen and Marder (14) have shown that hyperpolarization of the PD neurons by dopamine causes the same phase shifts within the pyloric rhythm as photoinactivation to kill these cells. Thus, dopamine does remove the cells from active participation in the functional circuit.
Second, inactive and hyperpolarized pyloric neurons could still be components in the generation of amine-induced motor patterns due to electrical coupling to other neurons. For example, in 10B4 M dopamine the inactive and hyperpolarized PD and VD neurons could have a net inhibitory effect on the electrotonically coupled AB cell, These electrotonic connections do not appear to affect dopamineinduced bursting in the AB cell; the shape, amplitude, and cycle frequency of AB bursts are the same in synaptically isolated neurons as in the intact circuit (15).
Third, a silent neuron could receive synaptic input that could indirectly affect an electrotonically coupled neuron. It has already been shown that the LP-evoked IPSPs on the PD cell are passively conducted to the AB neuron via its electrotonic connection with the PD ( 13). This indirect LP-to-AB synapse could still function even when the PD is inactive and hyperpolarized in lOA M dopamine. In two of four experiments, discrete LP IPSPs were observed in the AB during bath application of 10Y4 M dopamine. These PSPs were less than one-half the amplitude of LP-evoked IPSPs in the AB cell in controls. In two other experiments, discrete LP IPSPs were not detectable in the AB. The variable decrease in synaptic efficacy of this indirect IPSP probably depends on the degree of dopamine-induced hyper- It is possible that they may still participate in the pyloric circuit through nonspiking neurotransmission and electrotonic coupling (see DrSCUSSroN) .
A: the neural circuit described for the pyloric CPG in the combined preparation. This is the standard pyloric circuit described in the text. For the following circuit diagrams only the active neurons are included. The synaptic connections among active neurons are assumed to be the same as in the combined preparation. B: the functional circuit in the basal state after long-term sucrose block. C-D: dopamine; E-F: octopamine; and G: serotonin. Both dopamine and octopamine can generate at least 2 stable, functional CPGs depending on the concentrations of these amines. Both dopamine and octopamine at 10B5 M have the same functional circuit, although the pattern produced by each amine is somewhat different (see Figs. 6 and 9) . polarization of the PD neurons. As these cells the electrically coupled indirect IPSPs in the are hyperpolarized closer to the reversal po-AB also decreases. Thus, although the LP may tential for LP-evoked IPSPs, the amplitude of still have some influence on the AB in the presence of 10m4 M dopamine, it is probably less important to the dopamine-modulated motor pattern than the inhibition of the PD neurons. Since the PD neurons contribute little to the pattern directly, they were left out of the circuit for 10B4 M dopamine.
In addition to determining the active components of a CPG circuit, neuromodulators can shape the motor output by two other mechanisms.
First, the intrinsic membrane properties of the component neurons can be modulated. For example, all three amines induce active bursting in the AB cell, and they may use different ionic mechanisms to do so (see below and Ref. 15) . In the Cape lobster, J. lalandii, cholingeric inputs to the STG from the identified anterior pyloric modulator (APM) neuron can generate sustained plateau potentials in all pyloric neurons (12, 57, 58) . Second, the strength of synaptic interactions within the circuit can be modulated, which can affect phasing of neuronal activity in the CPG. This action of neuromodulators is well known (5, 18, 19, 24, 33, 34, 69) . In J. lalandii, APM activity modulates the relative efficacies of synaptic relationships within the pyloric network (58). We have no direct evidence for monoamine effects on pyloric circuit synapses, but such modulation could occur. These mechanisms can interact to produce different motor patterns, even when the active components of the CPG circuit are the same. For example, identical subsets of neurons are active in the presence of lo-' M dopamine and 10m5 M octopamine ( Fig. 13C and E ), but the motor patterns produced by the two amines are somewhat different (compare Figs. 6Cand 9C) . The cellular mechanisms underlying these differences are currently under investigation.
Neural circuit plasticity, as described in this paper, should not be surprising. Neural circuits do not function in isolation in the intact animal. The experimenter's saline-filled dish, with a highly dissected preparation, is an artificial environment where neural and hormonal inputs to the system under study are severely reduced or absent. Normally, neural circuits are barraged with modulatory inputs from the central nervous system, sensory system, and endocrine system. Modulation of any circuit component, in the intact, behaving animal as well as in vitro, as described here, will alter the motor pattern and possibly result in a change of the functional CPG.
Characteristics of pyloric CPG modulation
Amine modulation of the pyloric CPG displays several characteristics.
As described above, each amine can generate a unique motor pattern by a combination of excitation and inhibition of pyloric neurons. Dopamine and octopamine are especially interesting in that each amine can induce at least two stable motor patterns at different concentrations. This appears to arise from the fact that their excitatory effects have a lower threshold ( 10m6 M to 10m5 M) than their inhibitory effects ( 1 OS4 M) (Figs. 6 and 9; see also Ref. 15) . These results suggest that the excitatory and inhibitory effects of each amine are mediated by different receptors with different affinities for the amine; however, this has not been tested directly. A concentration-dependent modulatory mechanism such as this suggests an activitydependent mechanism in vivo, where the level of activity and/or recruitment of modulatory inputs could be a factor in the resulting motor pattern (9, 62). This could allow for even greater diversity in motor pattern production than if each modulator could induce only one pattern. Serotonin, which elicits both excitatory and inhibitory effects at the same low concentration ( lop8 M to 10B7 M), produces only one pattern that is enhanced with increasing concentration (Fig. 12) . Although our standard concentration was high ( 10e5 M), the serotonin-modulated pattern was qualitatively similar to the pattern observed at lower concentrations.
The threshold for a detectable effect of serotonin ( lo-' to 1 Op7 M) was considerably lower than for dopamine or octopamine ( low6 M). In a more actively cycling preparation, we have shown previously that serotonin can affect the pyloric rhythm at concentrations as low as lop9 M (4). In P. interruptus, dopamine (3, 39) and octopamine (3) are present in the input nerve (STN) and the STG neuropil, whereas serotonin is absent from these structures, as measured by both biochemical and immunocytochemical methods (4). The STG is situated inside the ophthalmic artery just anterior to the heart, and as such is continuously exposed to circulating neurohormones. Serotonin is released into the hemolymph and acts as a neurohormone at a number of sites in the lobster (7 1, 72; reviewed in 10, 35, 36). We (4) have previously proposed that in P. interruptus, serotonin modulates the pyloric rhythm as a circulating neurohormone and thus is active at hormonal concentrations of lop9 to IO-' M (4 1). In contrast, dopamine and octopamine can be released from nerve terminals within the STG and thus may act on receptors adapted to higher concentrations in the synaptic cleft ( 1 Op6 to 10B4 M). Our standard concentrations of dopamine and octopamine were at the high end of this physiological range.
The phase relationships in the pyloric rhythm are different during each amine treatment compared with the combined condition. These differences reflect the different levels of activity of the neurons and could also result from modulation of synaptic efficacy, which has been shown to occur with acetylcholine in the STG of another decapod crustacean (58). The phase delay for the onset of activity of the LP and IC neurons after the AB/PD burst is significantly advanced in 10m4 M dopamine, from -0.5 (in all other cases) to 0.3, As originally proposed by Eisen and Marder (14) , this probably results from dopamine's differential effects on the electrotonically coupled AI3 and PD cells (Fig. 4B ) in which dopamine inhibits the PDs while exciting the AB cell ( 15, 46). The PDs have been shown to produce the slow component and the AB the fast component of a complex IPSP onto the LP and PY neurons (14) . If the slow component of the IPSP produced by the PDs is decreased or absent due to dopaminergic inhibition, the remaining motor neurons may be expected to fire earlier in the cycle, and they do. In the other conditions, both the AB and PDs are active, and there is little change in the phase delay in these cases.
We were intrigued by the qualitatively different shapes of the bursting pacemaker potentials in the AB and PD neurons induced by different amines. In the AB, serotonin and dopamine induced bursts with large-amplitude slow waves, whereas octopamine induced lowamplitude slow waves with a different characteristic shape (Figs. 4B, 7B , and IOB). Bursting induced in the PDs by octopamine and serotonin showed similar differences in slow-wave shape (Figs. 7B and lOB) , This suggests that bursting induced by different amines in these neurons could be produced by different combinations of ionic conductances in one neuron. An alternative explanation is that one pattern of bursting could be produced by the AB and the other by the PDs, and the strong electrical coupling between these cell types allows the bursting pattern to be communicated between them. We have performed experiments on synaptically isolated PDs and AB neurons using the photoinactivation technique (50) and have been able to eliminate this second hypothesis (15).
Modulators do not act alone
In order to obtain interpretable results, these experiments were performed on the basal cycling pyloric motor pattern in which all descending inputs from other ganglia are greatly reduced or absent. Each amine was applied in the absence of the effects of other endogenous neuromodulators of the pyloric rhythm. Under normal conditions in the intact animal, it is very likely that many modulatory inputs are simultaneously active, and that amines function in concert with these other neuromodulators to shape the pyloric motor pattern In fact, this is probably the case since I) there are -120 large axons in the STN (3 1), which could provide modulatory input to the pyloric CPG, and there is a high level of spontaneous activity in the STN of dissected preparations (64); 2) in the combined condition where modulatory inputs to the STG are present, the pyloric CPG is very active, but when conduction in the STN is blocked pyloric activity slowly declines to a greatly reduced basal state; 3) none of the amines alone mimicked the pyloric pattern produced in the combined preparation. We believe that changes in the mixture of many neuromodulators at any moment could result in changes in the pyloric rhythm that are more subtle and varied than we have observed by adding one amine at a time.
In addition, a mixture of neuromodulators could cause changes in the motor pattern that may not be predicted from their effects in isolation In an earlier paper (4), we reported that serotonin can enhance LP spike activity when bath applied within 5-10 min after the sucrose block was applied (short-term sucrose block). Under these conditions the pyloric pattern, although showing the immediate effects of the block, was still under the influence of longterm descending modulation from the CGs and OG, In the experiments presented here, we waited 40-60 min after applying a sucrose block to the STN so that the pyloric pattern would be at a basal nonmodulated state before adding the amines, Under these conditions, LP activity was inhibited by serotonin (Fig.  10 , see also Ref. 15) . In short-term block, the presence of residual modulatory effects could affect the intrinsic properties of the pyloric neurons. Under these conditions, serotonin could produce a different effect on the LP than when it is applied to a basal, nonmodulated preparation.
These differences in the modulatory effects of serotonin in different functional states of the system suggest that we must be cautious about ascribing behavioral relevance to our observations, Although the results shown here give us new insights into the characteristics of neuromodulator action on patterned motor activity, it would be simplistic to compare the motor-pattern changes that we observed in the AND R. M. 
